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In 14 patients requiring aggressive therapy for circu-
latory failure resulting from massive pulmonary em-
bolism, hemodynamic and two-dimensional echocardio-
graphic data were obtained at bedside (acute phase) and
again after circulatory improvement (intermediate phase)
and during recovery. The acute stage was characterized
by a low cardiac output state despite inotropic support
(cardiac index 1.9 ± 0.6 Iiters/min per m') associated
with increased right atrial pressure (12.4 ± 4.2 mm Hg),
increased right ventricular end-systolicand end-diastolic
area (12.4 ± 3.4 and 15.4 ± 4.1 cm2/mz, respectively)
and reduced right ventricular fractional area contraction
(20.1 ± 8.6%). Two-dimensionalechocardiography also
revealed interventricular septal flattening at both end-
systole and end-diastole and markedly decreased left
ventricular end-diastolic dimensions. Left ventricular
fractional area contraction remained normal.
Hemodynamic improvement occurred during the in-
termediate phase as shown by restoration of cardiac in-
dex (3.3 ± 0.6liters/min per nr'), decrease in right atrial
pressure (8.3 ± 4.8 mm Hg), reduction in right ven-
The influence of right ventricular enlargement on left ven-
tricular function has been experimentally documented (I).
Because the two ventricles are enclosed within the relatively
stiff pericardium, acute changes in right ventricular size may
induce changes in left ventricular configuration (2-5). Mas-
sive pulmonary embolism may cause acute pulmonary artery
hypertension and right ventricular failure (6). However, the
extent to which left ventricular function is altered in this
clinical setting has not been completely elucidated. In ex-
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tricular end-systolic area (9.0 ± 3.6 cm2/m2 at the in-
termediate stage and 6.1 ± 1.8 cmzlmz at recovery) and
end-diastolicarea (10.5 ± 3.6 cmzlmzat the intermediate
stage and 8.9 ± 2.9 cmzlmz at recovery) and improve-
ment in right ventricular fractional area contraction (31.5
± 16.4%). The interventricular septum progressively
returned to a more normal configuration at both end-
systole and end-diastole, and left ventricular diastolic
dimension steadily increased.
It is concluded that circulatory failure secondary to
massive pulmonary embolism was mediated through a
profound decrease in left ventricular preload, resulting
from both pulmonary outflow obstruction and reduced
left ventricular diastolic compliance. Acute dilation of
the right ventricle with the concomitant restraining ac-
tion of the pericardium accounted for the leftward shift
of the interventricular septum and reduced left ventric-
ular compliance. Left ventricular systolic function was
unaltered.
(1 Am Coli CardioI1987;lO:1201-6)
perimental pulmonary embolism, Machida and Rappaport
(7) showed that left ventricular end-diastolic volume was
reduced after repeated pulmonary embolization and left ven-
tricular filling pressure did not change significantly, thus
suggesting decreased left ventricular distensibility. Com-
parable observations in humans have also been occasionally
reported (8-10). Recently, the M-mode echocardiographic
features commonly occurring in acute pulmonary embolism
were described by Kasper et al. (II); these include I) acute
dilation of the pulmonary artery and right ventricle and
changes in the ratio of right to left ventricular size that
correlate with the severity of pulmonary obstruction; and 2)
abnormal septal movement in diastole and decreased mid-
diastolic closure rate of the mitral valve.
Bedside right heart catheterization and two-dimensional
echocardiographic examination are both routinely used dur-
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ing emergency therapy of circulatory failure in our intensive
care unit. This report details the hemodynamic and echo-
cardiographic findings in 14 subjects with massive pulmo-
nary embolism and circulatory failure and illustrates the
importance of ventricular interdependence during the acute
stage of pulmonary embolism.
Methods
Study patients. The study group included 14 patients
without prior cardiopulmonary disease who exhibited mas-
sive pulmonary embolism and severe circulatory failure.
Pulmonary embolism was angiographically demonstrated in
all cases and considered to be massive when at least two
lobar arteries were involved. The angiographic index of
severity using the criteria of Walsh et al. (12) ranged from
8 to 14 (mean ± SO 12.3 ± 2.3). Circulatory failure was
manifested by clinical abnormalities, including pallor, cold
skin, slow nail-bed capillary filling, oliguria (urinary output
lower than 15 mllh) and decreased mental acuity. Emer-
gency therapy for all patients included continuous intrave-
nous infusion of heparin (400 to 600 mg/day) (13), blood
volume expansion (500 to 1,000 ml of plasma expanders),
inotropic agent infusion (dobutamine, 6 to 14 p,g/kg per
min) and supplemental oxygen by nasal tube (6 liters/min).
Thrombolytic agents were not used because every patient
had at least one contraindication to this therapy (14). All
the patients included in this study recovered and were dis-
charged from the hospital within 2 to 3 weeks.
Hemodynamic studies. Systemic arterial pressure was
measured with a small Tefton catheter inserted percuta-
neously into the radial artery. Pulmonary capillary wedge,
pulmonary artery and right atrial pressures were measured
with a triple lumen Swan-Ganz catheter inserted percuta-
neously through a subclavian vein. All pressures were mea-
sured with Hewlett-Packard transducers positioned at the
midaxillary level, with atmospheric pressure as a zero ref-
erence level. Heart rate was measured from a standard
electrocardiographic (ECG) lead. Cardiac output was mea-
sured by the thermodilution technique.
Echocardiographic studies. Echocardiographic record-
ings were performed using a wide angle, phased array digital
sector scanner (Varian V 3400 R). Two-dimensional echo-
cardiographic parasternal short-axis, apical four chamber
and subcostal short-axis views were recorded on videotape
for further quantitative analysis. During examination of the
inferior vena cava from the subcostal view (15), a contrast
echocardiographic study was performed to detect significant
tricuspid regurgitation (16).
The two-dimensional echocardiographic studies were re-
viewed for subsequent single frame stop-motion analysis.
Delineation of outlines was also facilitated by videotape
reviewing of successive forward and backward frames in
slow motion. Endocardial outlines were traced onto a trans-
parent paper from video stop frames. End-diastolic frames
were defined by the onset of the QRS complex and end-
systolic frames as the smallest dimension throughout the
cardiac cycle. Heart cavity dimensions were processed for
measurements using a Hewlett-Packard 9825 A desk com-
puter.
Echocardiographic measurements. The following
quantitative measurements were obtained:
I. Right and left ventricular end-diastolic and end-sys-
tolic areas were measured on the apical four chamber view.
Fractional area contraction of each ventricle was calculated
as end-diastolic area minus end-systolic area, divided by
end-diastolic area.
2. To evaluate septal shape in a quantitative fashion, the
radius of curvature (r) of the interventricular septum was
determined at end-diastole and at end-systole from short-
axis cross-sectional views according to the method described
by Brinker et al. (17) and modified by King et al. (18). In
this method the radius of curvature of the interventricular
septum is normalized for cardiac size in two ways. First,
the left ventricular cavity area is measured for each still
frame image and the measured radius of curvature is divided
by the square root of the area. Second, an idealized radius
(ri) is computed for the measured cavity area, assuming that
area to be perfectly circular. The actual radius of curvature
is then expressed as a function of the ideal radius of cur-
vature: l/(r/ri).
3. End-systolic area of the right atrium was measured on
the apical four chamber view. Main pulmonary artery as
well as proximal inferior vena cava diameters were mea-
sured on subcostal views.
Protocol. Simultaneous hemodynamic and two-dimen-
sional echocardiographic measurements were obtained on
admission to the intensive care unit (acute phase). At this
time, all patients were receiving a dobutamine infusion that
was essential to maintain cardiovascular stability. Simul-
taneous hemodynamic and echocardiographic measure-
ments were repeated after 3 to 5 days (intermediate phase),
when the patient's circulatory condition had improved to
such an extent that inotropic support could be withdrawn.
Finally, echocardiographic measurements were obtained be-
tween the 12th and 20th days (recovery phase), before dis-
charge from the hospital. During this part of the study,
systemic arterial pressure was measured noninvasively (Din-
amap 845 vital signs monitor, Critikon Inc.).
Statistical analysis. The Student's t test for paired data
was used to compare hemodynamic data obtained at day 1
and at days 3 to 5. A two-way analysis of variance followed
by a Neuman-Keuls test for paired comparison was used to
compare echocardiographic data obtained at day I, at days
3 to 5 and at days 12 to 20.
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Table 1. Comparison of Hemodynamic Data (mean ± SO) Obtained at Day I (acute stage), at Days 3 to 5 (intermediate stage) and
at Days 12 to 20 (recovery)
Acute Stage: Intermediate: Recovery:
Statistical Analysis
Day I (A) Days 3 to 5 (B) Days 12 to 20 (C) A vs. B B vs. C A vs. C
PCWP (mm Hg) 8.3 ± 3.5 11.4±4.3 NS
RAP (mm Hg) 12.4 ± 4.2 8.3 ± 4.8 *
PAPs (mm Hg) 49.9 ± 21.9 44.4 ± 14.4 NS
PAPd (mm Hg) 21.1 ± 5.7 18.4 ± 6.6
MPAP (mm Hg) 31.4 ± 10.3 25.6 ± 7.7
SAPs (mm Hg) 109.7 ± 16.2 119.7 ± 10.8 123.6 ± 15.5 t NS t
SAPd (mm Hg) 67.1 ± 7.8 71.1 ± 10.6 75.0 ± 8.7 NS NS NS
MSAP (mm Hg) 82.7 ± 10.8 87.7 ± 11.1 89.3 ± 11.2 NS NS NS
HR (beats/min) 107.4 ± 25.9 99 ± 21.3 77.7 ± 5.1 NS t t
CI (liters/min per rrr') 1.9 ± 0.6 3.3 ± 0.6
SI (mllbeat per rrr') 17.9 ± 6.1 33.1 ± 4.5
*p < 0.05 (paired t test); tp < 0.05 (two-way analysis of variance). All patients received dobutamine infusion during measurements obtained in the
acute stage. CI = cardiac index; HR = heart rate; MPAP = mean pulmonary artery pressure; MSAP = mean systemic arterial pressure; PAPd =
pulmonary artery diastolic pressure; PAPs = pulmonary artery systolic pressure; PCWP = pulmonary capillary wedge pressure; RAP = right atrial
pressure; SAPd = systemic arterial pressure (diastolic); SAPs = systemic arterial pressure (systolic); SI = stroke index.
Results
Hemodynamic data. Hemodynamic data obtained dur-
ing the acute stage (day 1), when the patients were receiving
inotropic support, and during the intermediate phase (days
3 to 5) after withdrawalof inotropicsupport, are summarized
in Table 1. Blood pressure levels measured noninvasively
and heart rate during the recovery phase (days 12 to 20) are
also reported. During the acute stage, massive pulmonary
embolism was associated with an increased heart rate, pul-
monary artery hypertension and markedly reduced cardiac
index and stroke index. Right atrial pressure was abnormally
elevated and pulmonary capillary wedge pressure was in the
normal range. Systolic arterial blood pressure was reduced
only during the acute stage.
Echocardiographic data. Two-dimensional echocar-
diographicdata obtained during the three phasesof the study
are shown in Table 2 together with normal values from our
laboratory. Right ventricular dimensions were markedly in-
creased at bothend-systole and end-diastoleduring the acute
stage, and then progressively returned toward smaller and
more normal values when the patients' status had definitely
improved. Fractional area contraction of the right ventricle
was depressed during the acute stage, remained so during
the intermediate stage and improved significantly only at
recovery. Acute right ventricularfailure was associated with
an increased right atrial area (11.3 ± 3 cm/rrr' during the
acute stage versus 6.6 ± 1.3 cm/rn? at recovery, p < 0.05)
and enlarged diameters of both the pulmonary artery (13.5
± 1.4 mrn/rrr' during the acute stage versus 8.3 ± 1.5
mrn/rrr' at recovery, p < 0.05) and the inferior vena cava
(11.9 ± 1.9 rnm/m? during the acute stage versus 6.5 ±
2 mm/nr' at recovery, p < 0.05). Mild to moderate tricuspid
regurgitation demonstrated by contrast echocardiography was
present in 9 of the 14 patients.
Left ventricular dimensions were reduced at both end-
systole and end-diastole, but this change was more pro-
nounced at end-diastole. As the patient's circulatory con-
Table 2. Echocardiographic Measurements (mean ± SO) of the Ventricles in the Apical Four-Chamber View: Comparison Between
Day I (acute stage), Days 3 to 5 (intermediate stage) and Days 12 to 20 (recovery)
Acute Stage: Intermediate: Recovery:
Statistical Analysis
Normal
Day I (A) Days 3 to 5 (B) Days 12 to 20 (C) A vs. B B vs. C A vs. C Values
RV-ESA (cmvrrr') 12.3 ± 3.4 9.0 ± 3.6 6.1 ± 1.8 t t t 5.2 ± 1.5
RV-EDA (cmvrrr') 15.4 ± 4. I 10.5 ± 3.6 8.9 ± 2.9 t NS t 8.1 ± 2.3
RV-FAC (%J 20.1 ± 8.6 14.3 ± 15.8 31.5 ± 16.4 NS t t 35.7 ± 10.9
LV-ESA (cm2/m2) 9.1 ± 2.6 12.5 ± 3.6 12.0 ± 3.5 t NS t 14.5 ± 3
LV-EDA (cmvnr') 13.7 ± 1.7 17.3 ± 1.9 18.2 ± 3.4 t t t 20.4 ± 4
LV-FAC (%) 29.6 ± 14.3 28.1 ± 10.9 34.2 ± 12.2 NS NS NS 28.5 ± 6.7
tp < 0.05 (two-way analysis of variance). All patients received dobutamine infusion during measurements obtained in the acute stage. Normal values
from our laboratory are included for comparison. EDA = end-diastolic area; ESA = end-systolic area; FAC = fractional area contraction; LV = left
ventricle; RV = right ventricle.
1204 JARDIN ET AL.
TWO-DIMENSIONAL ECHOCARDIOGRAPHY IN PULMONARY EMBOLISM
JACC Vol. 10, No.6
December 1987:1201-6
(BA
Discussion
Cardiovascular response to pulmonary embolism: acute
right ventricular failure. The cardiovascular response to
pulmonary embolism in patients free of prior cardiopul-
monary disease can be related directly to the extent of em-
bolic obstruction that causes acute pulmonary artery hy-
pertension and, in tum, right ventricular overload (6).
Pulmonary artery hypertension was documented in the pres-
ent study by both direct measurements of pulmonary artery
pressure and two-dimensional echocardiographic visualiza-
tion of an enlarged main pulmonary artery. The mean pul-
monary artery pressure has previously been shown to cor-
relate closely with the angiographic index of severity of
pulmonary hypertension (19) and with the size of the pul-
monary artery (11). Acute right ventricular failure secondary
to massive pulmonary embolism has also been extensively
Figure 2. Typical echocardiogram (apical four-chamber view) il-
lustrating the inverse relation between right ventricular (RV) and
left ventricular (LV) dimensions at end-diastole (ED, top) and
end-systole (ES, bottom). From left to right: A, Acute stage (day
I); B, intermediate stage (day 3) and C, recovery (day 15). LA
= left atrium; RA = right atrium.
cBA
dition progressively improved, left ventricular size tended
to return to larger and more normal dimensions. Left ven-
tricular fractional area contraction remained unchanged
throughout the study period, and the sum of right and left
ventricular end-diastolic areas remained approximately con-
stant throughout the study. Marked interventricular septal
flattening was present during the acute stage, at both end-
systole and end-diastole, as demonstrated by the measure-
ment of the index of septal curvature (0.57 ± 0.22 and
0.59 ± 0.15 at end-systole and end-diastole, respectively).
This flattening persisted at the intermediate stage (0.67 ±
0.14 and 0.79 ± 0.15 at end-systole and end-diastole, re-
spectively), though it was less marked, and disappeared at
recovery (0.86 ± 0.10 and 0.84 ± 0.12 at end-systole and
end-diastole, respectively). Figures 1 and 2 show the re-
ciprocal changes in right and left ventricular sizes and septal
flattening during the acute stage.
Figure 1. Typical echocardiogram (parasternal short-axis view)
illustrating septal flattening (arrow) at end-diastole (ED, top) and
end-systole (ES, bottom). From left to right: A, Acute stage (day
I); B, intermediate stage (day 3) and C, recovery (day 15). LV
= left ventricle; RV = right ventricle.
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studied (6,20). In the present study, acute right ventricular
failure was clearly demonstrated, at least during the acute
stage, by the finding of increased right ventricular end-
diastolic pressure and dimensions. Moreover, despite in-
creased right ventricular preload and inotropic support, the
right ventricular fractional area contraction remained sub-
stantially reduced. In addition, the interventricular septal
contracting pattern, which is thought to be a major com-
ponent of right ventricular systolic function (21), was mark-
edly abnormal.
Mechanism of interventricular septal flattening. In
the present study, an abnormality in interventricular septal
contracting pattern was observed during real-time echocar-
diographic examination, and observation further supported
by the finding of septal flattening at both end-diastole and
end-systole. Septal flattening was maximal during the acute
phase and progressively disappeared during the recovery
phase. The end-diastolic septal flattening may be explained
by right ventricular dilation, which is consistently observed
in patients with acute pulmonary embolism, and also by the
fact that acute pulmonary obstruction unloads the left ven-
tricle. The end result is a reduction, or even a reversal, of
the left to right diastolic pressure gradient that Guzman et
al. (22) considered an important factor in determining di-
astolic septal configuration in humans. Recently, Lima et
al. (23) demonstrated that in the unloaded human heart, the
interventricular septum is nearly flat and occupies a central
position between the left and right ventricles. The mecha-
nism of the systolic septal shift has also been recently dis-
cussed. King et al. (18) first suggested that the absolute
septal motion during systole may be the result of the con-
tractile forces tending to straighten the septum and the in-
stantaneous pressure gradient tending to displace it to the
right or the left. Recently, Louie et al. (24) observed that
in patients with right ventricular pressure overload due to
primary pulmonary hypertension the ventricular septum was
flattened at end-systole. In the light of these previous stud-
ies, systolic septal flattening should be considered as a val-
uable sign indicating right ventricular pressure overload.
Systolic septal flattening observed in massive pulmonary
embolism is consistent with this interpretation.
Role of left ventricular dysfunction. Acute right ven-
tricular failure secondary to massive pulmonary embolism
resulted in a shock state that could be reversed only partially
by inotropic support. The role eventually played by a con-
commitant depression of left ventricular function deserves
to be considered. Objective measurements of left ventricular
function in patients with massive pulmonary embolism are
scarce. Availability of two-dimensional echocardiography
at the bedside can provide relevant information about sys-
tolic as well as diastolic left ventricular function. During
the acute stage of pulmonary embolism in our patients, left
ventricular fractional area contraction was within the normal
range. However, at this time, all patients were receiving a
dobutamine infusion. Thus, we cannot totally exclude the
possibility of some depression in left ventricular contractility
that would have been noted had the patients had been studied
without dobutamine. In contrast, the most prominent feature
of left ventricular dysfunction appeared to be a markedly
reduced preload that resulted from a decrease in right ven-
tricular stroke output and, in tum, in left ventricular inflow.
Reduced left ventricular compliance may also have played
a role. The demonstration of a marked decrease in left ven-
tricular end-diastolic dimensions in the absence of any change
in pulmonary capillary wedge pressure may be interpreted
as indicating a significant change in left ventricular pressure-
volume characteristics.
The validity ofpulmonary capillary wedge pressure mea-
surements may be questionable in patients with massive
pulmonary embolism because wedge pressure can be ac-
cidentally recorded in a vascular zone that is totally occluded
(25). In the present study, we accepted as valid a wedge
pressure measurement only if it met the two following cri-
teria: I) phasic wedge pressure recording consistent with an
atrial pressure waveform; and 2) wedge pressure lower than
pulmonary artery diastolic pressure. Using these criteria, a
correct measurement of pulmonary artery wedge pressure
was obtained in 10 of the 14 patients, and in these 10 patients
the mean capillary wedge pressure was within the normal
range. In experimental pulmonary embolism, left ventricular
end-diastolic pressure has been reported to remain essen-
tially unchanged despite a marked reduction in left ventric-
ular end-diastolic dimensions (7). Machida and Rappaport
(7) suggested that overdistension of the right ventricle would
be expected to reduce the concavity of the interventricular
septum and cause the septum to bulge convexly into the left
ventricular cavity, with a resultant change in its pressure-
volume relation. This hypothesis is supported by our echo-
cardiographic finding of reciprocal changes in right and left
ventricular sizes, with marked septal flattening during the
acute phase. This sequence of events appeared to result from
volume constraints imposed by the pericardium as shown
by the absence of variation in the sum of ventricular end-
diastolic areas. However, as shown experimentally, serial
ventricular interaction during acute imbalance in biventric-
ular loading, where the output of the right ventricle deter-
mines the input of the left, may be as important as direct
interaction (interventricular septal shifting) to left ventric-
ular systolic performance (26).
Conclusions. Our echocardiographic study performed
during massive pulmonary embolism demonstrated recip-
rocal changes in both dimensions and pressure between the
right and left ventricles lying within the stiff pericardium.
These changes were due to an acute increase in right ven-
tricular afterload that led to a dramatic reduction in left
ventricular preload. In patients with circulatory failure sec-
ondary to massive pulmonary embolism, attempts should
be made to optimize cardiac output. A beneficial effect of
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blood volume expansion has been reported (27,28); how-
ever, our data suggest that blood volume expansion could
be limited by ventricular interdependence. In clinical set-
tings associated with increased pulmonary vascular resis-
tance, any increase in blood volume will increase right ven-
tricular volume proportionately more than left ventricular
volume, as previously shown in patients with chronic ob-
structive pulmonary disease (5). On the other hand, ino-
tropic support with agents such as dobutamine appears use-
ful because it improves right ventricular systolic function
(21) and increases left ventricular ejection fraction and heart
rate (29). Tachycardia, unless excessive, and inotropic stim-
ulation are the only means of maintaining cardiac output at
a vital level when left ventricular filling is mechanically
restrained.
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